We previously demonstrated that oxidative modification of cysteine 95 in human immunodeficiency virus type 1 (HIV-1) protease and methionine 95 in HIV-2 protease inhibits protease activity (2, 3) . The activity of these oxidized proteases can be restored with the use of cellular enzymes, thioltransferase (TTase) for HIV-1 and methionine sulfoxide reductase for HIV-2. TTase is found within HIV-1 virions, supporting a possible role for this enzyme in activating protease activity during virus budding (3) . In this study we addressed the mechanism by which oxidation leads to the inhibition of protease activity and investigated the potential role of oxidation in the inhibition of the protease from human T-cell leukemia virus type 1 (HTLV-1), a transforming retrovirus. We also analyzed other retrovirus protease sequences and structures to explore whether they might be similarly regulated.
Oxidation prevents retroviral protease dimer formation. Residue 95 of the HIV-1 and HIV-2 proteases is located at the dimer interface. For HIV-1 protease, the interface interaction contributes close to 75% of the free energy of dimer stabilization (17) . To determine if oxidation of residue 95 inhibited protease activity by preventing dimer formation, we ran analytical ultracentrifugation on a previously described autoproteolysis-resistant form of the HIV-1 protease (10, 24) modified with glutathione at cysteine 95. The protease mutations were introduced by using PCR as described previously (20) and included the Q8K, L33I, L63I, and C67A mutations, which are known to substantially reduce autoproteolysis (10, 24) . The recombinant protease, called KIIA protease, was glutathionylated at cysteine 95 with 100 mM glutathione in 250 mM Tris-HCl, pH 7.8, and 6.0 M guanidine at 37°C for 4 h. The modified protease, KIIA-glut, was then purified by reversedphase high-performance liquid chromatography (RP-HPLC) by using a 3-ml Resource reversed-phase chromatography column from Amersham Biosciences (Piscataway, N.J.), and its molecular mass was verified by mass spectrometry as described previously (3) . KIIA-glut protease (eluting in approximately 5 ml and Ͼ95% pure) was refolded by dialysis against 4 liters of 50 mM sodium acetate buffer, pH 4.0, with 1 mM EDTA and then concentrated by using a Centriplus 10 device from Amicon (Bedford, Mass.). Unmodified KIIA protease was prepared by the same methods. Protease activity was assessed before and after treatment with 1 mM tris(2-carboxyethyl)phosphine HCl (TCEP) obtained from Calbiochem (La Jolla, Calif.) as described previously (3) .
Analytical ultracentrifugation of KIIA-glut was performed on a Beckman Optima XL-A analytical ultracentrifuge with an An-60 Ti rotor and standard double-sector centerpiece cells. For equilibrium measurements, samples (90 l) were centrifuged for 14 to 20 h at either 22,500 rpm (at 20°C) for unmodified KIIA protease or 20,000 rpm (at 10°C) for KIIA-glut. KIIA protease was analyzed in 50 mM sodium acetate, pH 4.0, containing 1 mM dithiothreitol, while KIIA-glut was analyzed in the same buffer without dithiothreitol but with a 2 M excess of the HIV-1 protease inhibitor KNI-272 to prevent any possible autoproteolysis (22) . At sedimentation equilibrium, the unmodified KIIA protease was clearly dimeric, with a determined relative molecular weight of 21,300, almost exactly twice that of the predicted monomer (10,778.4) (Fig. 1A) . By comparison, KIIA-glut had a determined molecular weight of 12,000, which is close to the predicted molecular weight of the monomeric protein modified with glutathione (11, 051) (Fig.  1B) . The enzymatic activity of KIIA-glut was inhibited more than 95% compared to that of the chemically reduced protease (Fig. 1B, inset) . Mass spectroscopy of the samples before and after centrifugation with an Agilent 1100 Series liquid chromatography-mass spectrometry system confirmed their structural integrity (data not shown). The conformation of the proteins was probed by far-UV circular dichroism (Fig. 1C) . The native protein exhibits a fairly weak negative ellipticity centered at about 215 to 216 nm, which is typical of ␤-sheet structure and consistent with the X-ray model (␤-sheet, 45 to 50%; protein data bank identification number 1A94). Glutathionylation of cysteine 95 results in an increase in negative ellipticity, now maximal at ϳ200 nm, which is characteristic of unfolded protein (23) . This interpretation is further supported by an analogous spectral shift induced in the control protein by denaturation with guanidine hydrochloride (the spectral region shown in Fig. 1C that the modified protein is monomeric and at least partially unfolded, which is consistent with results from previous work in which the unfolding of the protease was best described by a two-state model where folded dimers were in equilibrium with unfolded monomers (5) . A similar sedimentation equilibrium experiment also indicated that HIV-2 protease behaves as a monomer following oxidation of the methionine residues to methionine sulfoxide (data not shown), a modification that inhibits HIV-2 protease activity (2) .
Regulation of HTLV-1 protease activity through reversible oxidation. To determine if the regulation of protease activity through reversible oxidation extends beyond the lytic lentiviruses, we investigated the protease from the transforming deltaretrovirus HTLV-1. This protease contains two conserved cysteine residues at positions 90 and 109 that are not required for protease activity (8) . A recently published molecular model of HTLV-1 protease (19) places cysteine 109 at the start of a C-terminal ␤ strand of the predicted dimer interface region. To evaluate the effect of cysteine oxidation on HTLV-1 protease activity, we used a recombinant HTLV-1 protease containing the L40I mutation that confers resistance to autoproteolysis (a gift from John Louis) (8). We glutathionylated both cysteines of the HTLV-1 protease under the same conditions described previously for the KIIA protease. The fully glutathionylated protease was purified by RP-HPLC with a Vydac C 18 column (2.1 by 50 mm). A 5 to 35% gradient of acetonitrile in 0.01% trifluoroacetic acid (TFA) was applied over 5 min, followed by a 35 to 65% gradient over 15 min. Mass spectrometry analysis performed as described previously (3) confirmed that the purified glutathionylated form of the L40I protease, which eluted almost 2 min earlier than the unmodified protease, was 610 atomic mass units (amu) larger than the unmodified protease (HTLV-1gg, 14,082.0 Ϯ 0.8 amu). This increase in mass is consistent with the addition of two glutathione moieties. HTLV-1gg protease was analyzed for activity by using the peptide substrate APQVLPVMHP as described previously (8) and was found to be completely inactive ( Fig.  2A) . However, the activity of the HTLV-1gg protease was readily restored by treatment with TCEP ( Fig. 2A) . TCEP treatment also changed the RP-HPLC elution time back to that observed for the unmodified protease (data not shown). These results confirmed that HTLV-1 protease could be reversibly inactivated through oxidation of the cysteine residues.
TTase restores HTLV-1gg protease activity. TTase is a ubiquitous and specific glutathionyl transferase that was shown previously to reverse glutathionylation of HIV-1 protease and restore activity (3). Treating HTLV-1gg with 0.5 mM glutathi- one in refolding buffer alone (8) was not sufficient to restore protease activity ( Fig. 2A) . However, treatment of the HTLV1gg protease with 0.5 mM glutathione in the presence of TTase (25 nM) for 30 min restored more than 50% of the protease activity ( Fig. 2A) . To determine if TTase treatment removed the glutathione from HTLV-1gg, we analyzed the protease by RP-HPLC following treatment with TTase in phosphate-buffered saline containing 10% glycerol and 1 mM EDTA. This buffer was required since the NP-40 detergent in the standard refolding buffer (8) coeluted with the HTLV-1 protease. Treatment of the HTLV-1gg protease with TTase (50 nM) resulted in almost complete restoration of protease activity relative to the activity of the TCEP-treated protease (Fig. 2B, inset) and, at the same time, converted a majority of the enzyme back to the wild-type form, as determined by RP-HPLC and mass spectrometry analysis (Fig. 2B) . Glutathione treatment alone did not restore activity or convert significant amounts of the enzyme back to wild-type protease (Fig. 2B) . The fact that
TTase converted HTLV-1gg back to the wild-type form indicates that both of the glutathionylated cysteine residues were substrates for human TTase. Two other closely eluting peak fractions were also generated following TTase treatment of HTLV-1gg (Fig. 2B, peaks 2 and  3) . The four peak fractions were individually collected from RP-HPLC and assayed for protease activity in the presence and absence of a reducing agent. In the absence of a reducing agent, the fractions for peaks 1, 2, and 3 were inactive while that for peak 4, representing the unmodified protease, was active (Fig. 2C) . However, in the presence of the reducing agent TCEP, HTLV-1 protease activity was detected in all fractions, indicating that fractions for all peaks contained intact HTLV-1 protease (Fig. 2C) . The peak 1 fraction was already characterized as the diglutathionylated form of the HTLV-1 protease. To further characterize the fractions corresponding to peaks 2 and 3, the fractions were subjected to electrospray mass spectrometry on a Finnigan TSQ 700 by direct infusion. The peak 2 fraction had a mass of 13,474 amu, essentially the same as that calculated for the native HTLV-1 protein. However, the lack of activity for this peak fraction in the absence of a reducing agent (see Fig. 2C ) indicates that it most likely represents the wild-type HTLV-1 protease containing an intramolecular disulfide bond. The difference in mass would be only 2 amu, a difference within the error of the spectrometer for this m/z range. To further characterize these fractions, the fractions corresponding to peaks 2 and 3 were trypsinized and the resultant peptides were identified by mass spectrometry. Samples (approximately 5 g) were dried down and then resuspended in 4 l of acetonitrile followed by the addition of 16 l of 200 mM ammonium bicarbonate, pH 8.0. Then 0.5 l of a 20-g/ml concentration of trypsin from Promega (Madison, Wis.) was added, and the mixture was incubated at 37°C for 4 h. The tryptic digests of the purified fractions were diluted twofold into a solution consisting of 50% acetonitrile-0.2% formic acid. The digests were independently analyzed by an electrospray quadrupole time of flight mass spectrometer (QTOF Ultima Global; Micromass, Manchester, United Kingdom) with a Micromass nanospray source. These solutions were directly infused into the Z-spray electrospray ionization source at 1 l/min with all parameters tuned to optimize the sensitivity and obtain mass resolution greater than 10,000. Fragmentation of precursor peptide ions of interest was performed by producing collisionally induced dissociation with argon as the collision gas by increasing the gas pressure by 5 ϫ 10 Ϫ6 torr. Data were analyzed by using the MassLynx software package, version 3.5, and Protein Prospector (Web version at http://prospector.ucsf.edu). The peptide mass corresponding to the doubly and triply charged ions for the disulfide-linked peptide was easily detected in the peak 2 fraction (expected, 1632. Space-filling models for retroviral proteases indicating the presence of oxidizable amino acids at the dimer interface. RASMOL (13) was used to obtain the graphical depictions of the X-ray structures. The cysteine and methionine residues located within the dimer interface are shaded in black. Coordinates for the protein structures can be accessed at www.rcsb.pdb/index.html by using the following protein data bank identification numbers: HIV-1 protease, 1ODW; HIV-2 protease, 1JLD; simian immunodeficiency virus (SIV) protease, 1TCW; Rous sarcoma virus (RSV) protease, 2RSP; and feline immunodeficiency virus (FIV) protease, 2FIV. Coordinates for equine infectious anemia virus (EIAV) protease were from reference 6 and were kindly provided by Alex Wlodawer .   FIG. 4 . ClustalW alignment of retroviral protease sequences from the different genera of retroviruses indicating the predicted dimer interface region. Full-length protease sequences obtained from the Entrez protein database were first aligned by using the ClustalW method within the MacVector sequence analysis software package (Genetics Computer Group). For clarity, only N-and/or C-terminal regions containing the predicted dimer interface regions of interest are shown. For the N terminus, the sequence up to the active site DTG/DSG is included. The active site aspartate in each protease sequence is indicated by an asterisk. For the C terminus, the sequence is shown starting from the highly conserved GR region up to the predicted interface region. For the gammaretroviruses, the conserved cysteine is included in the C-terminal region and is indicated by the arrow. The black bars indicate the sequences predicted to be involved in the dimer interface by comparison to the dimer interface amino acids known for HIV-1 protease. The cysteine and methionine residues located at or very near the dimer interface amino acids are indicated in bold. For HTLV-2 and bovine leukemia virus (BLV), an amino terminal region for the predicted dimer interface is not found by the multiple alignments with the full-length protease sequences. In the following list, the accession numbers are in parentheses following the virus type. 2H]), confirming the presence of HTLV-1 protease with an internal disulfide bond. Therefore, peak 2 represents HTLV-1 protease containing an internal disulfide bond that causes reversible inactivation.
The fraction corresponding to peak 3 in Fig. 2B consisted predominantly of monoglutathionylated HTLV-1 protease with a mass of 13,778 Ϯ 0.8 Da (calculated 13,779) . To analyze the structure of the protease in the peak 3 fraction, tryptic digests were analyzed. Peptides corresponding to both glutathionylated cys 90 and cys 109 were detected. This included the glutathionylated peptide containing residues 82 to 95 with m/z 1,248.04 (calculated 1,248.8) and the glutathionylated peptide containing residues 104 to 119 with m/z 2,081.02 (calculated 2,080.9). Therefore, the fraction corresponding to peak 3 represents a mixture of the monoglutathionylated forms of the HTLV-1 protease.
Comparisons of retroviral protease structures and sequence alignments provide evidence for the presence of a general redox regulatory mechanism. Based on the finding that the protease from HTLV-1, a deltaretrovirus, could be regulated by reversible oxidation in a manner similar to that for the lentiviral proteases, we decided to explore the potential for this mechanism in other retroviral proteases. Inspection of the three-dimensional structures for the available retroviral proteases revealed the presence of a sulfur-containing amino acid at the dimer interface in five out of six structures (Fig. 3) . Using the sequences from these structures, we aligned the sequences for proteases whose structures have not been solved in an effort to predict their interface region by using the ClustalW method within the MacVector sequence analysis software package (Genetics Computer Group, Madison, Wis.). We found that nearly all the retroviral proteases have one or more sulfur-containing amino acids present at or near the predicted dimer interface region (Fig. 4) . The major exception is the gammaretrovirus family of proteases, where none of the sequences have this property, although there is a conserved cysteine within this group of proteases (Fig. 4) .
Mechanisms that can prevent the premature activation of retroviral proteases within the cytoplasm of infected cells could be beneficial to viral production, since the overexpression of protease activity can lead to cellular toxicity and/or loss of viral particle formation (7, 9) . Studies have shown that a number of critical cellular proteins can be cleaved by viral proteases when the proteases are overexpressed in cells (1, 12, 14-16, 18, 21) . The oxidation of sulfur-containing amino acids at the dimer interface that can prevent dimer formation and activity provides a mechanism by which protease activity may be regulated. We have shown previously that HIV-1-infected cells cultured in the presence of protease inhibitors produce immature viral particles containing inactivated forms of the protease that can be reactivated with a reducing agent (4). In addition, Parker and Hunter have demonstrated that immature Mason-Pfizer monkey virus capsids isolated from infected cells can undergo proteolytic processing following the addition of a reducing agent to the particles (11) . This provides a mechanism by which Mason-Pfizer monkey virus can prevent processing from occurring in the cytoplasm until virus budding. Therefore, protease oxidation occurs in infected cells and may be one mechanism to delay polyprotein processing within infected cells (25) . The results here provide evidence that the ability to regulate retroviral protease activity through reversible oxidation is evolutionarily conserved and may be an important biological mechanism.
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